The nanocomposites of polypyrrole (PPy) and multi-walled carbon nanotube (MWCNT) with different composition are synthesized by the chemical oxidative polymerization method. In these composites, the MWCNTs are uniformly coated by PPy with different thickness. The electrochemical properties of the composite electrodes are investigated by cyclic voltammetry, galvanostatic charge-discharge cycling and electrochemical impedance spectroscopy. The full cells assembled with the PPy/MWCNT composite electrodes deliver initial specific capacitances ranging from 146.3 to 167.2 F/g at 0.5 mA/cm 2 and exhibit stable cycling characteristics. The effect of content of MWCNT in the composite on cycling performance of the cells is also investigated.
Introduction
The growing demand for portable electronic systems, digital communication devices and electric vehicles has prompted considerable interest in supercapacitors with high power density and long cycle life. [1] [2] [3] The major types of materials used in supercapacitors are: (i) high surface area activated carbons, (ii) redox metal oxides and (iii) conducting polymers. [4] [5] [6] Among them, conducting polymers attracted great deal of interest due to their high specific capacitance, low material cost, easy synthesis and many other inherent properties. [7] [8] [9] [10] [11] [12] [13] [14] However, the main drawback of conducting polymer-based supercapacitors is poor cycle life due to the volume change during doping and dedoping process. Hence it is necessary to strengthen adequately the electrochemically active sites of conducting polymers by the addition of large surface area carbon materials or carbon nanotubes (CNTs). CNTs have been attractive materials for electrodes of supercapacitors due to their high accessible surface area, high electronic conductivity, chemical and mechanical stability. In order to improve the mechanical and electrochemical properties of electrodes based on conducting polymers, the composites of conducting polymers and CNTs have been synthesized for supercapacitor applications. [15] [16] [17] [18] [19] [20] [21] [22] It has been shown that CNTs play a role of a perfect backbone for a homogeneous distribution of conducting polymer in the composites. Recently, Kim et al. reported that high-specific capacitance and good high-rate capability of polypyrrole(PPy)/CNT composite electrodes could be achieved by controlling pore size in a three-dimensional entangled structure of a CNT film. 22 In this work, we tried to improve the cycling stability of the cell without significant drop in specific capacitance. With the aim of improving the cycleability of the PPy-based electrode, we synthesized PPy/multi-walled carbon nanotube (MWCNT) composites with different composition by the chemical oxidative polymerization method. In this study, the electrochemical properties of the PPy/MWCNT nanocomposite electrodes were investigated by cyclic voltammetry, galvanostatic charge-discharge cycling and electrochemical impedance spectroscopy. The effect of content of MWCNT in the composite on electrochemical performance of the cells was also investigated.
Experimental
Synthesis of PPy/MWCNT composites. Pyrrole, anhydrous ferric chloride (FeCl 3 ), poly (vinyl pyrrolidone) (PVP), polytetrafluoroethylene (PTFE), isopropanol (IPA), N-methylpyrrolidone (NMP) and potassium chloride (KCl) were purchased from Aldrich chemicals. Pyrrole was purified before reaction and rest of the chemicals were used as received. MWCNTs (Hanwha Nanotech) prepared by chemical vapor deposition were used without further purification. The PPy/MWCNT composites were synthesized by the conventional oxidative chemical polymerization method using anhydrous FeCl3. The content of reactants for synthesizing PPy/MWCNT composites with different composition is given in composites, the content of MWCNT was calculated to be 9.6, 20.1, 30.5 by weight for three composite materials, respectively. The PPy/MWCNT composites synthesized are designated PCNT-10, PCNT-20 and PCNT-30 according to the content of MWCNT in the composites.
Electrode preparation and cell assembly. Electrode was prepared by coating a IPA/NMP-based slurry of composite material, super-P, PTFE and PVP (75:15:7:3 by weight) on a Ti foil. The excellent water wetting and adhesive properties of PVP have been well known and thus a proper amount of PVP was added along with PTFE as a binder. The binder materials (PTFE/PVP) were first dissolved in IPA/NMP mixed solvent and then PPy/MWCNT composite and super-P powder were added into the polymer binder solution. The solution was sonicated for 1 h and ball-milled for another 15 h in order to make a homogenous slurry. The resultant slurry was cast on to Ti foil by using a doctor blade. The electrodes were dried in a vacuum oven at 80 o C for 24 h, and roll-pressed to enhance particulate contact and adhesion to the foil. Sandwich-type cells were assembled with two symmetric PPy/MWCNT electrodes (area:
). The electrolyte used in assembling the cell was 1.0 M KCl aqueous electrolyte solution with paper separator (thickness: 40 µm, Nippon Kodoshi Co.). Both electrodes and separator were soaked in the electrolyte before the cell assembly. The symmetrical cell was enclosed in a metallized plastic bag and vacuum-sealed.
Characterization and electrochemical analysis. Morphologies of pristine MWCNTs and PPy/MWCNT composites were examined using a field emission scanning electron microscopy (FESEM, JEOL JSM-6701). Cyclic voltammograms (CVs) were recorded from 0 to 0.6 V at different scan rates. AC impedance measurements were performed on CH Instrument in the frequency range of 0.1 Hz -100 kHz with an amplitude of 10 mV. Galvanostatic charge-discharge cycling of the cell was conducted over voltage ranges of 0 -0.6 V with battery-test equipment at constant current densities from 0.5 to 10 mA/cm 2 at room temperature.
Results and Discussion
The FESEM images of the pristine MWCNTs and various PPy/MWCNT composites are shown in Figure 1 . The average diameter of the pristine nanotubes (Figure 1 (a) ) was measured to be about 40 nm. From the images of PPy/MWCNT composites in Figure 1 (b)-(d) , it can be seen that all the composites exhibit well dispersed carbon nanotubes enwrapped uniformly with PPy. This suggests that the interaction between polymer molecules and MWCNTs overcomes the Van der Waals interaction between MWCNTs, which generally otherwise would result in separate growth or aggregates of PPy. As the content of MWCNT increases in the composite, a gradual decrease of thickness of the PPy layer over nanotubes is clearly observed. As shown in Figure (b)-(d) , the average diameter of MWCNT in the composites increases to about 77, 58, 51 nm and thus the thickness of the PPy coating is estimated to be 18.5, 9.0, 5.5 nm for PCNT-10, PCNT-20, PCNT-30, respectively. In these composites, MWCNTs can offer good mechanical support to PPy and also ensure good electronic conduction in the electrode. The electrode film cast on Ti foil exhibits highly interconnected and porous morphology, as shown in Figure 1 (e), which is highly desirable for the fast ion diffusion and migration in the electrodes. The co-addition of PVP as a binder material could also help in opening many channels for the aqueous electrolyte to pass through and it gave an improved wetting of the electrode material with aqueous electrolyte.
The electrochemical performance of the PPy/MWCNT composite electrode was evaluated by the CVs of the two-electrode cells assembled with the same electrode. The voltammograms obtained for the PCNT-20 composite electrode at different scan rates are presented in Figure 2 . The CVs obtained for the other two composite electrodes also followed the same behavior as shown in Figure 2 those observed in the other PPy/CNT composite electrodes. 17, [20] [21] [22] [23] These composite electrodes exhibited no significant change in CV shape even after 500 cycles, which indicates good cycleability of the PPy/CNT electrodes. The symmetric cell assembled with PCNT-20 composite electrode was subjected to charge-discharge cycling in the voltage range of 0 -0.6 V at a constant current of 0.5 mA/cm 2 , and its charge-discharge curves are shown in Figure 3 . These curves are observed to be perfectly linear and there is no significant IR drop, which indicates prominent capacitive behavior of the cell. The charging and discharging time for the cell is maintained to be constant throughout the cycling, which demonstrates that the PPy/MWCNT composite electrode has high stability. The supercapacitors based on PPy composites experienced either very fast or gradual decrease in specific capacitance during repeated cycling, as previously reported. 15, 17 The specific capacitance of the electrode was calculated using the formula of C (F/g) = 2 I t / (m ∆E) where, I is the current applied for the charging and discharging, t is the time of discharge, ∆E is the voltage difference between the upper and lower potential limit and m is the mass of active materials (PPy and MWCNT) in one of the electrodes. The factor of "2" arises from the fact that the total capacitance measured from the cell is the addition of two equivalent single electrode capacitors in series. 17 The discharge capacitance obtained for all the cells assembled with different composite electrodes are shown in Figure 4 . The initial specific capacitances obtained from the galvanostatic chargedischarge measurements ranges from 146.3 to 167.2 F/g, and are found to be increased with increasing PPy content. It should be noted that pure MWCNT has very low specific capacitance not exceeding 40 F/g. An increase in specific capacitance of PPy/MWCNT composite with increasing PPy content can be thus associated with pseudo capacitance contributing from PPy. It is also found that the loss of capacitance is little during the charge and discharge cycles. This result suggests that the PPy/ MWCNT composite electrodes are very stable under charge and discharge cycles and the active electrode materials are keeping good interfacial contacts in the electrode. The data given in Figure 4 show that the cell assembled with PCNT-30 has the best cycleability among the cells considered in this work. Rate capabilities of cells assembled with PPy/MWCNT electrodes were evaluated with varying current densities from 0.5 to 10 mA/cm 2 , which are shown in Figure 5 . As expected, a decrease in capacitance is observed with increasing the current densities. The cell assembled with PCNT-20 composite has the highest capacitance at high current rates. As compared, the capacitance drop is the most prominent in the cell of PCNT-10 composite electrode. The reduction of capacitance in the cell of PCNT-10 at high current rate may be associated with PPy layer with high thickness, which gives high internal resistance of the cell, as explained later. In case of PCNT-30 electrode, the amount of PPy is not enough for giving high capacitance as compared that of the cell assembled with PCNT-20. These results suggest that there should be an optimum content of MWCNT in the composite in order to provide both high specific capacitance and good rate capability of the cell.
In order to investigate the effect of content of MWCNT on the impedance behavior of the cells, the ac impedance of the cells was measured. Figure 6 presents ac impedance spectra of the cells, which are obtained at discharged state after 500 cycles in the voltage range of 0 -0.6 V. In all the spectra, the cells displayed a semicircle followed by a capacitive spike. The intercepts of the real axis at high frequency are 0.58, 0.54, 0.53 Ω for the cells assembled with PCNT-10, PCNT-20 and PCNT-30, respectively. This intercept is known to be related to the intrinsic resistance of the active materials, the electrolyte resistance, the electrical leads, and the contact resistance at the interface of active materials/current collector. 24 A slight decrease in high frequency-resistance with increasing content of MWCNT may be due to the decrease in resistance of the active materials. On the other hand, the semicircle appeared at middle-to-low frequency region is related to the charge transfer reaction occurring in the cells. Charge transfer resistances calculated from these spectra are 1.21, 0.90 and 0.85 Ω for the cells assembled with PCNT-10, PCNT-20 and PCNT-30, respectively. A thin coating of PPy on MWCNT can facilitate an effective penetration of electrolyte into PPy, leading to enhanced participation of active materials in the charge transfer reaction, which results in decrease of charge transfer resistance with increasing MWCNT content in the PPy/MWCNT electrode. It suggests that the introduction of proper content of MWCNTs into the composite may facilitate the charge transfer and reduce the internal resistance of the electrode.
Conclusions
The homogeneous coating of PPy over MWCNTs could be achieved by the simple chemical oxidative polymerization method. Stable cycling could be achieved for the cells fabricated with these composites during the galvanostatic charge-discharge tests. The performance of the cells depended mainly on the content of MWCNT in the composite electrode. The cell assembled with PCNT-10 showed the highest specific capacitance due to the higher content of PPy. In consideration of cycling stability and rate capability, the cells based on PCNT-20 and PCNT-30 exhibited better performance. From these results, the PPy/MW CNT composites with optimum composition could be considered as promising electrode materials in the application of supercapacitors with high capacitance and long cycle life.
